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A FIJRTHER AMPLIFICATION OF RADIATION PROTECTION CRITERIA 

FOR THE EXPOSURE OF MAN TO SPACE RADIATIONS 

ON MISSIONS OF SHORT DURATION 

BY 

W i l l i a m  L. G i l l  and S tan ley  C. White, M.D. 

SUMMARY 

Radiat ion exposure limits for  s h o r t  d u r a t i o n  missions w e r e  e s t ab -  
l i s h e d  t o  provide c r i t e r i a  f o r  sh i e ld  design, and i n  the  last  year  t hese  
c r i t e r i a  have rece ived  in t ens ive  review by many s c i e n t i f i c  groups. 
o r i g i n a l  limits, however, have not  been s i g n i f i c a n t l y  a l t e r e d  after t h i s  
i n t e n s i v e  sc ru t iny .  
r a d i a t i o n  b e l t s  has requ i r ed  the  a p p l i c a t i o n  of t h e s e  limits f o r  a c t u a l  
f l i g h t s  sooner than  a n t i c i p a t e d .  
f 'ur ther  ampl i f i ed  and i n t e r p r e t a t i o n s  are provided t o  a i d  t h e  s h i e l d  
des igne r s  and persons who make ope ra t iona l  dec is ions .  

The 

The recent  discovery of t h e  a r t i f i c i a l l y  t rapped  

Previous ly  e s t a b l i s h e d  dose limits are 

INTRODUCTION 

Radia t ion  exposure limits f o r  s h o r t  missions ( r e f .  1) were set 
f o r t h  t o  provide c r i t e r i a  f o r  sh i e ld  design, and i n  the  l a s t  yea r  t h e s e  
c r i t e r i a  have rece ived  in tens ive  review by t h e  Nat ional  Academy of 
Sc iences  (ref. 2), t he  P res iden t i a l  S c i e n t i f i c  Advisory Committee, and 
by l ead ing  members of the radiology and the  r a d i a t i o n  biology cornuni ty  
i n  numerous informal  meetings. 
been s i g n i f i c a n t l y  a l t e r e d  a f t e r  t h i s  s c ru t iny .  
o f  the  a r t i f i c i a l l y  t rapped r ad ia t ion  b e l t s  has r equ i r ed  the  a p p l i c a t i o n  
o f  t hese  l i m i t s  f o r  a c t u a l  f l i g h t s  sooner than  a n t i c i p a t e d .  A s  d e t a i l e d  
s h i e l d i n g  and o p e r a t i o n a l  problems have a r i s e n ,  it has become obvious 
that f 'urther explana t ion  of the a p p l i c a t i o n  of t hese  limits, toge the r  
witin SUIU~ 6 s a c r l p t i o ~  nf t.he consequences of  exceeding the  various limits, 
i s  requi red .  
l i m i t s  p r ev ious ly  e s t a b l i s h e d  and t o  provide i n t e r p r e t a t i o n s  t o  a i d  the  
s h i e l d  des igners  and persons who make o p e r a t i o n a l  decis ions.  

The o r i g i n a l  limits proposed have not  
The r ecen t  discovery 

The purpose of t h i s  paper  i s  t o  amplify f 'urther t ne  cioee 
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I n  the es tab l i shment  of t h e  exposure c r i t e r i a  f o r  t h e  short 
missions,  t h e  fol lowing condi t ions  were appl ied :  

1. The philosophy of  r a d i a t i o n  exposure f o r  e a r l y  space missions 
was one of ba lanc ing  t h e  r i s k  of t h e  d e l e t e r i o u s  e f f e c t s  of r a d i a t i o n  
a g a i n s t  the o ther  mission r i s k s .  

2 .  I n  the  cons ide ra t ion  of t h i s  problem f o r  a l i m i t e d  number of 
personnel ,  only the  somatic e f f e c t s  of r a d i a t i o n  were considered;  and 
g e n e t i c  damage t o  t h e  popula t ion  a s  a whole i s  considered n e g l i g i b l e .  

3. For personnel who demonstrate no c l i n i c a l  i n d i c a t i o n s  of 
r a d i a t i o n  e f f e c t s ,  previous r a d i a t i o n  exposure h i s t o r y  was ignored i n  
t h e  eva lua t ion  of t h e  acu te  e f f e c t s  of  r a d i a t i o n .  

4. The mechanisms of  chronic  space r a d i a t i o n  e f f e c t s  a r e  l i t t l e  
understood, and i t  does n o t  appear  t h a t  t h e  e f f e c t s  of such v a r i a b l e s  
a s  dose r a t e ,  per iods  between exposure,  age a t  exposure,  and t o t a l  dose 
can be brought t o  a s i n g l e ,  coherent ,  q u a n t i t a t i v e  model i n  any organ 
or organ system i n  t h e  near  f u t u r e .  Therefore ,  a conserva t ive  approach 
t o  t h i s  phase of t h e  problem has been app l i ed .  
du r ing  a f ly ing  c a r e e r ,  which was est imated t o  be  no s h o r t e r  than 
5 y e a r s ,  were the  same a s  the  permiss ib le  l i m i t s  over a 3O-year per iod  
f o r  an atomic indus t ry  r a d i a t i o n  worker. A f l y i n g  c a r e e r  was considered 
t o  s t a r t  only a f t e r  an apprec i ab le  dose of  r a d i a t i o n  had been rece ived ,  
a s  w i l l  be descr ibed  i n  a subsequent s e c t i o n .  The 30-year l i m i t  has n o t  
y e t  been shown t o  produce d e l e t e r i o u s  e f f e c t s ,  a l though some minor mani- 
f e s t a t i o n s  of r a d i a t i o n  changes may be noted nea r  t h e  end of  l i f e .  

The exposure l i m i t s  

5 .  The r a d i a t i o n  dose p a t t e r n  i n  t h e  body due t o  i s o t r o p i c a l l y  
i n c i d e n t  corpuscular  r a d i a t i o n  i s  very much h igher  on t h e  su r face  than  
a t  t h e  midline,  and t h e  arrangement of equipment i n  t h e  v i c i n i t y  of t h e  
body can cause cons iderable  v a r i a t i o n  i n  t h i s  p a t t e r n .  The body i t s e l f  
considerably a t t e n u a t e s  t h e  inc iden t  r a d i a t i o n ;  t h u s ,  t h e  e f f e c t  of 
r a d i a t i o n  exposure i s  t o  d e l i v e r  markedly d i f f e r e n t  doses  t o  d i f f e r e n t  
organs or d i f f e r e n t  s i t e s  i n  t h e  same organ systems. This type  of ex- 
posure i s  very much d i f f e r e n t  from t h a t  d e l i v e r e d  by p lane  monodirec- 
t i o n a l  gamma rays  or neut rons ,  where t h e  dose d e l i v e r e d  t o  a l l  p o r t i o n s  
of t h e  exposed volume of a body seldom v a r i e s  by more than  a f a c t o r  o f  3. 
The measure of exposure dose - f o r  example, t h e  i n c i d e n t  body dose meas- 
ured i n  a i r  - can be c o r r e l a t e d  with b i o l o g i c a l  e f f e c t  i n  t h e  l a t t e r  case  
b u t  i s  meaningless i n  t h e  i s o t r o p i c  exposure.  To e v a l u a t e  t h e  b i o l o g i c a l  
e f f e c t  for space r a d i a t i o n s ,  t h e  dose a t  t h e  s i t e  of i n t e r e s t  must be 
measured or c a l c u l a t e d .  Hence, bo th  the  dose and the  po in t  i n  the  body 
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where it i s  nieasured must be spec l f i ed  i n  a s h i e l d  design.  
designer  must desc r ibe  the p a t t e r n  o f  r a d i a t i o n  i n  t h e  case of  a c t u a l  
exposure t o  provide t h e  a t t e n d i n g  physician with i n s i g h t  8s t o  t he  pos- 
s i b l e  e f f e c t s  o f  exposure. 
t z b l e  I was prepared for s h i e l d  de2i.g c r i t e r i a  and w a s  considered t o  
cover 21.1 the organs which would inf luence s h i e l d  design.  

The s h i e l d  

With the inco rpora t ion  o f  t h e  above f a c t o r s ,  

TABLF: I. - RADIATION EXPOSURE DOSE LIMITS 

Cr i t i ca l .  
Organ 

Skin of whole 
body 

Blood -f orming 

Feet, a n k l e s ,  
and hands 

Maximum 
permis s i b l e  
i n t e g r a t e d  

dose,  
r e m  

1,600 

270 

4,000 

2'70 

I 
a Based on s k i n  erythema l e v e l  

Average 
y e a r l y  

dose,  
r ad  

250 

55 

5 50 

27 

Maximum 
permissible  
s i n g l e  acu te  

emergency 
exposure, 

r a d  

500a 

200 

TOOb 

100 

Location of 
dose p o i n t  

0.07-rnm 
depth from 
s u r f a c e  of 
c y l i n d e r  2 
a t  h ighes t  
dose -rat  e 
p o i n t  

5-em depth 
from surfact: 
o f  c y l i n d e r  

0.07-rnm 
depth from 
su r face  of 
c y l i n d e r  3 
a t  h ighes t  
dose p o i n t  

3-mm depth 
from surface 
on cy l inde r  
a long eye l in  

'Based on s k i n  erythema l e v e l  but t h e s e  appendages are believed t o  
be less r a d i o s e n s i t i v e  

S l i g h t l y  higher  RBE assumed s ince eyes a r e  be l ived  more radiosens it ive  C 
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APPLICATION OF EXPOSURE LIMITS TO SHIELD DESIGN- OPERATIONS PLANNING, 

FLIGHT ELIGIBILITY OF ASTRONAUTS, AND OPERATIONAL DECISIONS DURING FLIGHT 

Yearly Limits  

These 1imi.ts have been imposed t o  l i m i t  t h e  chronic or delayed 
e f f e c t s  of r a d i a t i o n .  Two reasons a r e  advanced f o r  imposing t h e s e  
l i m i t s  : 

1. The e f f e c t  of r a d i a t i o n  i s  known t o  be dose-rate dependent; 
and t h e  de l ive ry  of t h e  dose i n  s e v e r a l  very l a r g e  increments can pro- 
duce delayed e f f e c t s ,  which may appear w i th in  5 yea r s  ( s h o r t e s t  f l y i n g  
c a r e e r )  or  less .  

2 .  The chronic e f f e c t s  a t  t h e  conclusion of  a f l y i n g  c a r e e r  may 
be more severe i f  t h e  dose i s  de l ive red  i n  l a r g e  increments.  

Therefore,  f o r  s h o r t  missions ( t h a t  i s ,  a du ra t ion  of  about 2 weeks), 
which must pass  through known r a d i a t i o n  a r e a s ,  t h e  dose from t h i s  r a d i a -  
t i o n  f i e l d  should not exceed t h e  y e a r l y  l i m i t s  dur ing t h e  mission; and 
i f  t h e  weight penal ty  i s  not  high,  should be reduced a s  much a s  p o s s i b l e .  
E i t h e r  t h e  v e h i c l e  sh i e ld ing  design and o p e r a t i o n a l  planning should i n -  
sure t h a t  t h i s  c r i t e r i o n  i s  met, or t h e  mission t r a j e c t o r y  or d u r a t i o n  
should be modified i f  t h e  s h i e l d i n g  weight pena l ty  cannot be accepted 
p r i o r  t o  the f l i g h t .  The only known r a d i a t i o n  f i e l d s  where t h e s e  c r i -  
t e r i a  may b e  app l i ed  a t  p re sen t  a r e  t h e  t rapped r a d i a t i o n  b e l t s  around 
the  e a r t h .  The procedure o u t l i n e d  above r e q u i r e s  c l o s e  cooperation and 
" t rade-offs"  between personnel engaged i n  s h i e l d  design and those en- 
gaged i n  operat ional  planning. It must a l s o  be  recognized, however, 
t h a t  knowledge of  t h e  trapped r a d i a t i o n s  i s  f a r  from complete and t h a t  
u n c e r t a i n t i e s  e x i s t  which a r e  d i f f i c u l t  t o  r e so lve  completely by quan- 
t i t a t i v e  methods. A s  a r e s u l t ,  f l i g h t  ca ses  may a r i se  where t h e  y e a r l y  
dose l i m i t s  a r e  exceeded. The o p e r a t i o n a l  procedure for handl ing such 
a s i t u a t i o n  should be w e l l  e s t a b l i s h e d  and understood p r i o r  t o  t h e  
f l i g h t .  Fw example, such a c t i o n s  a s  a n  unplanned a b o r t  may p lace  t h e  
a s t r o n a u t  i n  considerably more jeopardy than an a d d i t i o n a l  dose of a 
few more rads.  The a s t r o n a u t  can r ece ive  doses  up t o  t h e  s i n g l e  emer- 
gency l i m i t  shown j n  t a b l e  I i f  t h i s  l i m i t  would permit  s a f e r  l and ing  
c o n d i t i m s .  The trapped r a d i a t i o n  b e l t s  do n o t  produce dose r a t e s  s o  
high t h a t  l imi t ed  a d d i t i o n a l  t i m e  cannot be spent  i n  t h e  r a d i a t i o n  a r e a  
t o  e f f e c t  a s a f e r  landing o r  a s i m i l a r  evas ive  maneuver. I n  e x e r c i s i n g  
t h i s  opt ion,  however, t h e  operat ion31 commander should at tempt  t o  keep 
t h e  t o t a l  accumulated dose a s  f a r  below emergency l i m i t s  a s  o the r  opera- 
t i o n a l  considerat ions w i l l  permit .  The a s t r o n a u t  would no t  be considered 
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e l i g i b l e  f o r  another  mission u n t i l  h i s  t o t a l  cumulative dose had dropped 
below permiss ib le  l i m i t s .  F igures  1 t o  4 show t h e  t o t a l  permiss ib le  ac -  
cumulated absorbed dose t o  var ious  organs p l o t t e d  a g a i n s t  yea r s  of  f l y i n g  
c a r e e r .  For purposes of t hese  figures, the  f l y i n g  ca ree r  commences when 
an  a s t ronau t  has accumulated 10 percent of a y e a r l y  dose t o  any organ. 

For an a s t r o n a u t  t o  be e l i g i b l e  t o  undertake a mission,  h i s  exposure 
record should be such t h a t  t he  sum of  previous f l i g h t  exposure and ca l cu -  
l a t e d  exposure should n o t  exceed e i t h e r  t he  exposure l i m i t  envelope or 
t he  y e a r l y  dose.  I n  t h e  event t h a t  a dose i s  de l ive red  i n  a mission t o  
the  e x t e n t  t h a t  t h e  exposure l i m i t  envelope i s  exceeded, t h e  a s t r o n a u t  
should be grounded u n t i l  such a t i m e  a s  he can again meet t h e  c r i t e r i a  
s e t  f o r t h  i n  t h e  preceding sentence; and i n  no case should t h i s  per iod  
be l e s s  than 6 months. 
organs. The s k i n  requirements may be waived i f  t h e  t o t a l  exposure t o  d a t e  
i s  l e s s  than 50 percent  of c a r e e r  t o t a l .  

This  concept a p p l i e s  t o  eyes and t o  blood-forming 

Energency Levels of  Exposure 

With r e s p e c t  t 3  these  l e v e l s  of exposure,  t h e  concern i s  t h e  immedi- 
a t e  acute  e f f e c t s  of r a d i a t i o n  and t h e  performance of t h e  a s t r o n a u t  while  
s t i l l  i n  space. It i s  expected t h a t  t h e r e  w i l l  be observable  r a d i a t i o n  
damage, which w i l l  r e f l e c t  i n  a decrement of  performance of t h e  a s t ronau t .  
The opera t ions  group i s  i n t e r e s t e d  i n  how g r e a t  t h i s  decrease i n  perform- 
ance may be and i n  how soon it w i l l  appear .  The designer  should have 
such information i n  order  t o  place an upper l i m i t  on exposures which may 
be poss ib l e  from events  which have a remote p o s s i b i l i t y  of  occurrence.  
To e s t a b l i s h  t h e s e  l i m i t s ,  t he  environment, t h e  time of exposure,  and 
t h e  b i o l o g i c a l  e f f e c t  must  be considered. The range of dose and of dose 
r a t e  w i l l  h e l p  put t h e  problem of r a d i a t i o n  exposure i n t o  pe r spec t ive .  

The s o l a r  proton event  has  been considered t h e  g raves t  r a d i a t i o n  
hazard which an  a s t ronau t  w i l l  encounter. During the  l a s t  s o l a r  cyc le  

2 
(ref. 3 )  t h e  t o t a l  number of p a r t i c l e s  per  em 

30 Mev which i n t e r s e c t e d  t h e  e a r t h  has  been est imated t o  be between 10 

and i0 . 3 c  t o t a l  dose produced by t h e s e  p a r t i c l e s  i n  a thin-wal led,  
t i s sue -equ iva len t  chamber i n  f ree  space has  been c a l c u l a t e 6  i o  be a5out 

5 x 10 rads .  The l a r g e s t  event on record  produced a dose o f  about h a l f  
t h i s  magnitude. 
dose i n  from 50 t o  100 hours. Thus, t h e  free-space dose r a t e s  a r e  q u i t e  
modest and average va lues  have been es t imated  t o  range between 7 and 
15 rad /hr ,  depending upon t h e  s i z e  and spectrum of a given f i a r e .  The 
maximum free-space dose r a t e  has been c a l c u l a t e d  t o  be no g r e a t e r  than 
20 rad/hr .  

of energy g r e a t e r  than 
10 

11 

3 
A t y p i c a l  la rge  f l a r e  can be expected t o  d e l i v e r  i t s  
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I n  much of t h e  l i t e r a t u r e  on t h e  c a l c u l a t i o n  of  dose and dose r a t e d  
t o  da te ,  the c a l c u l a t i o n s  have been based on t h e  i d e a l i z e d  chamber de-  
s c r ibed  above and have been i n t e r p r e t e d  as t y p i c a l  exposure doses from 
monodirectional gamma and neutron r a d i a t i o n .  A s  was pointed ou t  p re -  
v i o u s l y ,  the exposure dose i s  n o t  r e l a t e d  t o  expected b i o l o g i c a l  e f f e c t  
because the body provides considerable  se l f  sh i e ld ing .  I f  the  dose t o  
t h e  surface of t h e  body i s  t o  be determined, it must be reduced from 
one-fourth t o  two-thirds of t he  free-space chamber va lue ,  because of  t h e  
l o c a t i o n  of t h e  absorbing t i s s u e  i n  quest ion.  (See r e f .  1.) Thus, t h e  
dose t o  the s k i n  of an a s t r o n a u t  exposed i n  free space f o r  an e n t i r e  
s o l a r  f l a r e  w i l l  no t  exceed 1,600 rads  whereas t h e  dose might be as  low 
a s  600 rads i n  deeper t i s s u e s .  
su r f ace  area of t h e  body would n o t  be expected t o  exceed a maximum of  
14 r ad /h r ;  t h e r e f o r e ,  he would have considerable  t i m e  f o r  evasive a c t i o n .  
If t h e  a s t ronau t  were exposed f o r  t he  e n t i r e  d u r a t i o n  o f  t he  f l a r e  with-  
ou t  t h e  p ro tec t ion  of any s h i e l d i n g ,  t h e  organs a t  depths  o f  from 2 t o  
8 cm i n  the body ( t y p i c a l  of  t h e  hematopoietic system) would r e c e i v e  doses 
from 250 t o  30 r a d s ,  r e s p e c t i v e l y ,  depending on t h e i r  l o c a t i o n .  The mid- 
l i n e  dose would probably approach 25 r a d s .  

The dose r a t e  he would experience on any 

From the above d a t a ,  and from t h e  known b i l o g i c a l  e f f e c t s  o f  
r a d i a t i o n ,  some reasonably cau t ious  e s t ima tes  of  t h e  s i t u a t i o n  may be  
ex t r apo la t ed .  I n  eva lua t ing  t h e  acu te  e f f e c t s  of  r a d i a t i o n  from an 
ope ra t iona l  s t andpo in t ,  effects  a r e  c l a s s i f i e d  as fol lows:  

1. Immediate e f f e c t s  - those e f f e c t s  which are produced i n  t h e  
f i rs t  f e w  minutes or hours. 

2. Delayed e f f e c t s  - those which appear from a day t o  a f e w  weeks 
a f t e r  exposure, and frDm which t h e r e  i s  complete recovery w i t h i n  a month 
or more. I n  f i g u r e  5 ,  which i l l u s t r a t e s  t h i s  concept,  t h e  s t eepness  of 
t h e  s lope of t h e  i n i t i a l  p a r t  of t h e  curve ( t h e  immediate e f f e c t s )  and 
t h e  p l ace  a t  which t h e  degree of f i t n e s s  reaches a minimum depend upon 
t h e  t o t a l  dose received.  For prognosis of t h e  degree o f  severity of t h e  
delayed e f f e c t s ,  t h e  degree of  s e v e r i t y  of  t h e  immediate e f f e c t s  and t h e  
r a p i d i t y  o f  t h e i r  appearance can give cons ide rab le  i n s i g h t  i n t o  t h e  ex- 
pected delayed e f f e c t s  ( ref .  4 ) .  

Acute Rad ia t ion  E f f e c t s  

I n  a s ses s ing  t h e  performance o f  t h e  a s t r o n a u t ,  it i s  extremely 
d i f f i c u l t  t o  s epa ra t e  t h e  i n t e r p l a y  of  va r ious  organ systems i n  t h e  
symptoms which may develop a f t e r  exposure. However, an e x t r a p o l a t i o n  
can be attempted from known r a d i a t i o n  e f f e c t s  which may provide some 
i n s i g h t  i n t o  t h i s  problem. 



For a s o l a r  f l a r e  of very l a rge  s i z e ,  one e s t ima te  of t h e  immedi- 
a t e  e f f e c t s  i s  t h a t  a dose t o  the s k i n  of  1,600 rads  w i l l  produce an 
erythema. 
36 hours a f t e r  t he  dose reaches t h e  800-rad l e v e l .  
and vomiting, us ing  gamma r a d i a t i o n  of s h o r t  du ra t ion  has been observed 
a t  about 200 rads  t o  a l l  organs. 
e f f e c t s  wi th  gamma r a d i a t i o n  can be a s soc ia t ed  wi th  organs loca ted  from 
2-cm t o  8-cm depth ,  then  it can be es t imated  t h a t  t h e  dose from a s o l a r  
proton event  w i l l  be  250 r ads  a t  2-cm depth ,  30 r ads  a t  8-cm depth ,  while  
t h e  midl ine of t h e  t o r s o  of a man would r e c e i v e  around 25 r ads .  Since it 
w i l l  t ake  about 2 days or more t o  d e l i v e r  t h i s  s o l a r  proton dose,  it i s  
est imated t h a t  t h e r e  i s  l i t t l e  p o s s i b i l i t y  of t hese  symptoms appearing 
u n t i l  from 3 t o  4 days a f t e r  f l a r e  commencement, i f  a t  a l l .  Forecasted 
symptoms would be s l i g h t  nausea and anx ie ty  a s  t h e  worst  e s t ima te  of 
t h i s  s i t u a t i o n .  
a t e  e f f e c t  ( n e i t h e r  t h e  Oak Ridge nor  t h e  Yugoslav p a t i e n t s  developed 
t h i s  symptom). 

There may be reddening and dryness  commencing from 24 t o  
Anorexia, nausea,  

I f  t h e  assumption i s  nade t h a t  t h e s e  

Diarrhea would not  appear t o  be a problem a s  an i m e d i -  

See r e fe rences  5 and 6. 

I n  summary, dur ing  the  very l a r g e  f l a r e ,  t h e  only poss ib l e  immedi- 
a t e  symptoms which could appear a r e  anx ie ty ,  nausea,  and anorexia .  
Erythema and c o n j u n c t i v i t i s  could develop dur ing  the  f o u r t h  day of t h e  
f l a r e  or t h e  day fol lowing.  I n  a r r i v i n g  a t  t h i s  a n a l y s i s  of  symptoms, 
it i s  assumed t h a t  t h e  as t ronaut  i s  i n  f r e e  space dur ing  a f l a r e  i n  
which p a r t i c l e s  l e s s  than  30 MeV were not  used i n  t h e  c a l c u l a t i o n .  
I n  the  v e h i c l e  wi th  normal cons t ruc t ion  none o f  t hese  symptoms should 
appear. 

Delayed Radia t ion  Ef fec t s  

Considerat ion should be given t o  t h e  delayed e f f e c t s  which may be  
expected and t h e  ser iousness  of  t hese  e f f e c t s .  On e a r t h ,  i f  a person 
i s  exposed t o  r a d i a t i o n ,  t he re  a r e  c l i n i c a l  i n d i c e s  which give cons ider -  
a b l e  i n s i g h t  i n t o  expected delayed e f f e c t s  i n  t h e  range of  i n t e r e s t ,  
such a s  white  blood c e l l  counts, p l a t e l e t  counts ,  m i t o t i c  index of  bone 
marrow, and body temperature.  By cons ider ing  these  i n d i c e s ,  a s impl i -  
f i e d  model of t h e  phys io logica l  e f f e c t s  a f t e r  exposure t o  space r a d i a -  
t i o n  may be cons t ruc ted .  "he genera l  s t e p s  which a r e  followed i n  the  
development of t h e  delayed e f f e c t s  a r e  d iscussed  a s  fol lows.  

Fi,m_?re 6 i l l u s t r a t e s  t he  sources  of  changes i n  t h e  maintenance 
t i s s u e  tone.  I n  t h i s  general ized model t h e  f i r s t  source of t i s s u e  
damage i s  the  d i r e c t  a c t i o n  of t h e  r a d i a t i o n  i t s e l f .  There w i l l  be an 
almost immediate r e a c t i o n  a s  c e l l s  a r e  k i l l e d  by t h e  r a d i a t i o n ,  and t h i s  
e f f e c t  w i l l  cont inue f o r  a considerable per iod of t i m e  because p a r t  of 
t he  damage does not  become apparent u n t i l  mi tos i s  ( c e l l  d i v i s i o n )  i s  
complete. 
t he  d i f f e rences  i n  normal mi to t i c  a c t i v i t y  inf luence  t h e  time of 

Both the  i n h i b i t i o n  of m i t o s i s  by i r r a d i a t i o n  ( r e f .  7) and 
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appearance and s e v e r i t y  of degenerat ive changes i n  t i s s u e .  
es t imated t h a t  t h e s e  types of t i s s u e  degeneration occur i n  t h e  f i r s t  
week a f t e r  exposure. 

It may be 

A second source of t i s s u e  degeneration which commences a s  t h e  
d i r e c t  immediate acu te  r a d i a t i o n  damage progresses  i s  the d i s tu rbance  
o f  t h e  endo the l i a l  and vascu la r  t i s s u e  supplying the  i r r a d i a t e d  t i s s u e  
( r e f .  8 ) .  The i r r a d i a t e d  t i s s u e  may thus  s u f f e r  from b:)th hypoxia and 
l a c k  of n u i r i t i o n .  This c o n s t r i c t i o n  of t h e  blood-supplying c a p i l l a r i e s  
w i l l  a l s o  prevent phagocytes i n  t h e  blood from performing t h e i r  debride-  
ment act ion i n  t he  a f f e c t e d  t i s s u e .  The negat ive f ind ings  concerning 
b a c i l l i  on s t o n a t i t i s  and shallow u l c e r s  from t h e  7th t o  l ? t h  days i n  
t h e  Lockport incident,  ( r e f .  3 )  a r e  suggest ive of t h i s  mechanism, a s  i s  
t h e  r e s p i r a t o r y  system inflammati-on s o  o f t en  noted i n  t h e  t reatment  of 
p a t i e n t s  by r a d i o l o g i s t s  ( r e f .  8) .  If t h e  t i s s u e  which has been i r r ad i -  
a t e d  breaks down i n  such a fashion a s  t o  permit b a c t e r i a  t o  invade i t ,  
a t h i r d  source o f  t i s s u e  degeneration i s  introduced.  Throat i n f e c t i o n s  
noted i n  the Oak Ridge p a t i e n t s  ( r e f .  5 )  a r e  evidence of t h e  ope ra t ion  
of  t h i s  mechanism. 

A t h i r d  source of t i s s u e  damage, or i n h i b i t i o n  of  t i s s u e  recovery 
i n  t h e  case of  extensive body i r r a d i a t i o n ,  i s  t h e  l o s s  of  l eucocy tes  
and lymphocytes from t h e  blood. The degree of  dep res s ion  o f  t h e  former 
i s  d i r e c t l y  r e l a t e d  t o  t h e  bone marrow dose.  The l a t t e r  i s  more c l o s e l y  
r e l a t e d  t:, t h e  t o t a l  gram-rad dose or t o t a l  energy absorbed by t h e  body. 
The depression of t h e s e  components i n  t h e  p e r i p h e r a l  blood may be i n t e r -  
p re t ed  a s  a d i l u t i o n  o f  t h e  components i n  t h e  p e r i p h e r a l  blood,  which 
toge the r  with a c o n s t r i c t e a  vascu la r  system and damaged e n d o t h e l i a l  
system, promotes t h e  f u r t h e r  degenerat ion of  t h e  t i s s u e  under examin- 
a t i o n .  

The c l i n i c a l  evidence of t h i s  cond i t ion  can b e  seen from t h e  white 
blood c e l l  counts.  The measurements w i t h i n  n day o f  t h e  t i m e  o f  i r r a d i -  
a t i o n  can be  de t ec t ed  a t  50 r a d s  and w i l l  i n d i c a t e ,  f o r  doses around 
200 r a d s ,  a dramatic s h i f t  i n  va lues .  There may be  a r i s e  i n  lympho- 
cy te s  t h e  f i r s t  day or so  a f t e r  i r r a d i a t i o n  with gamma r a y s ,  followed 
by a r a p i d  f a l l .  On about t h e  f i f t h  day t h e  minimum count i s  reached, 
and gradual recovery over t h e  next  f e w  months r e s t o r e s  t h e  lymphocytes 
t o  near  preexposure value.  Since t h e  e n t i r e  lymphatic system i s  n o t  
completely exposed under space r a d i a t i o n  cond i t ions ,  f u r t h e r  i n v e s t i g a -  
t i o n  of t h i s  phenomenon should be made. Conceivably, t h i s  symptom may 
be absent  o r  n o t  a s  severe i n  space r a d i a t i o n  exposure. 

The in ju ry  t o  bone marrow c e l l s  accounts f o r  most of t h e  decrease 
i n  w h i t e  blood counts with gamma r a d i a t i o n  a f t e r  t h c  f i f t h  day,  reaching 
t h e i r  rninimurn values  around the  25th t o  30th day. The n e u t r o p h i l s  appear 
t o  be t h e  component of the white blood c e l l s  account ing f o r  t h i s  dec rease ,  
and monocytes may a c t u a l l y  i n c r e a s e .  The change i n  n e u t r o p h i l s  i s  
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assoc ia t ed  wi th  the  damage which the bone marrow has suf fered .  The 
study of bone marrow damage i s  one i n  which f u r t h e r  r e sea rch  i s  requi red .  
A l o c a l  dose of 600 t o  800 rads  should be capable of producing a p l a s t i c  
marrow. The decrement i n  performance of u n i t  volumes, of bone marrow 
a t  doses from 0 t o  800 rads ,  has not been q u a n t i t a t i v e l y  examined. The 
speculat ion t h a t  the  gram-rad dose below 800 rads  can be a measure o f  
performance decrement of this organ system i s  h e u r i s t i c .  The gram r a d  
i s  a measure of t h e  t o t a l  energy depos i ted  i n  t h e  organ i n  quest ion and 
i s  def ined a s  

where 

G = JD(pV)  pdV 

a l l  organ V 

G gram rad  dose 

D dose,  r a d  

p d e n s i t y ,  g/cm 3 

3 V volume of t he  organ system i n  quest ion,  cm 

This e f f e c t  i s  not  expected t o  be as severe f o r  space r a d i a t i o n s  as has 
been previously observed i n  whole body i r r a d i a t i o n .  

The f i n a l  delayed e f f e c t  which may mani fes t  i t s e l f  i s  t h e  appearance 
of pe t ech iae  i n  heavi ly  i r r a d i a t e d  a r e a s ,  and poss ib ly  i n  a r e a s  which 
have not  received a heavy dose. This phenomenon i s  r e l a t e d  t o  t h e  drop  
i n  t h e  number of p l a t e l e t s ,  and commonly occurs when t h e  t o t a l  p l a t e l e t  
count decreases  by a f a c t o r  of 10 o r  more from p r e i r r a d i a t i o n  va lues .  
This phenomenon u s u a l l y  occurs somewhere between t h e  22nd and t h e  37th  
day a f t e r  i r r a d i a t i o n .  

Where c l i n i c a l  observation i s  f e a s i b l e ,  it i s  therefore  obvious 
t h a t  t h e  complete white blood count and p l a t e l e t  counts,  when taken a t  
p e r i o d i c  i n t e r v a l s ,  can provide valuable  i n s i g h t  i n t o  t h e  recovery of 
a s t r o n a u t s  exposed t o  space r ad ia t ions .  The o t h e r  d i agnos t i c  t o o l  f o r  
e - ~ - = l - a t l o n  of the. h e m t o p n i e t i c  system i s  t o  measure the  m i t o t i c  index 
of t he  bone marrow which may provide some i n s i g h t  t o  the  damage which 
t h a t  organ system has received.  

A nonspecif ic  symptom whlch appears very f r equen t ly  acute  r a d i a -  
t i o n  exposures i s  a f e e l i n g  of weakness which p e r s i s t s  f o r  a long  per iod  
a f t e r  t h e  exposure. 
S m p t  om : 

There a re  two sources which may c o n t r i b u t e  t o  t h i s  
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1. A depression i n  the  r ed  blood c e l l s .  This symptom i s  slow t o  
develop. 
expasurc,  and t h e  minimum value w i l l  not be ottainc>d until t h e  35th t o  
45th day. 
depi~~s . ; io r i .  

I n i t i a l  changes may not  show u n t i l  about t h e  20th day a f t e r  

The long t e r m  symptoms of' f a t i g u e  may be a s s o c i a t e d  with t h i s  

2. The  second source of' weakness i n  whole body exposure may be 
a s soc ia t ed  with c r e a t i n e  metabolism, or with beta-aaiinoisobutyric a c i d  
lcvels i n  the u r inc .  Since c r e a t i n e  i s  c l o s e l y  a s s o c i a t e d  with muscle 
con t r ac tu rc ,  t h e  c r e a t i n e - c r e a t i n i n e  r a t i o  may be a s s o c i a t e d  with t h e  
f a t i g a e  rcported i n  p a t i e n i s .  The work a t  t h e  Un ive r s i ty  of Rochester 
( ref .  5 )  i nd ica t e s  t h a t  t h i s  e f f e c t  should be  c l o s e l y  followed. 

Damage t o  Spec i f i c  Organs 

Eyes.- I n  an acu te  r a d i a t i o n  exposure where t;he eye i s  p ro tec t ed  
by only 3 few mi l l ime te r s  of p l a s t i c ,  i t  i s  conceivable t h a t  a dose of 
1,000 r a d s  might be d e l i v e r e d  t o  t h e  corneal  epi thel ium. The immediate 
acu te  e f f e c t s  would appear t o  be  n e g l i g i b l e ,  al though t h e r e  may be some 
c o n J u n c t i v i t i s .  Previous i n v e s t i g a t o r s  ( re f .  9) have shown t h a t  pyknosis 
of  rods appears i n  cases  of  exposure of  from 1,000 t o  2,500 rads .  The 
l a t e n t  period was about 5 hours.  It i s  estimated t h a t  below 2,000 r a d s  
t h e  p o s s i b i l i t y  of t h i s  occurrence i s  no t  high.  
should reduce t h e  dose t o  below 100 r a d s ,  and i n  t h i s  range -there would 
appear t o  be l i t t l e  evidence of  immediate a c u t e  eye damage. However, i t  
should be recognized t h a t  t h e  delayed e f f e c t s  of t h i s  eye exposure a re  
no t  w e l l  documented. I n  t h e  Vinca Zero-Energy Reactor  a c c i d e n t ,  f a c i a l  
erythema and c o n j u n c t i v i t i s  were noted a t  doses i.n t h e  400- t o  61cO-rad 
range about 8 t o  10 hours a f t e r  t h e  accident.  ( re f .  5 ) .  The lower dose 
r a t e s  i n  space w i l l  probably not  produce such an e f f e c t  s i n c e  t h e  t o t a l  
dose w i l l  be de l ive red  over a per iod of 2 t o  4 days; hence, it. might be 
pos tu l a t ed  t h a t  such a n  e f f e c t  would appear i n  t h e  t h i r d  t o  f i f t h  day. 
These e f f e c t s  i n s p i r e  some h e u r i s - t i c  arguments f o r  f u r t h e r  i n v e s t i g a t i o n  
of synergism of' r a d i a t i o n  and v i b r a t i o n  du r ing  r e e n t r y .  
expected t h a t  delayed e f f e c t s  of r a d i a t i o n  may develop. The Lockport 
i nc iden t  dis turbances of r e t i n a l  funct ion as l a t e  a s  210 days a f t e r  ex- 
posure i n  the most heavi ly  i r r a d i a t e d  v i c t i m  were noted ( r e f .  5 ) .  
exposure i n  t h i s  case i s  not wel l  e s t a b l i s h e d ,  b u t  i s  est imated t o  be 
between 1,200 and 1,500 rads .  
Y-12 and t h e  Yugoslav exposures indica- tes  thal; eyes showed delayed 
symptoms, f'or example, c o n j u n c t i v i t i s  i n  t h e  200- t o  650-rad range. 
Eighteen months a f t e r  t he  Y - 1 2  i n c i d e n t  one man showed abnorma l i t i e s ,  
p a r t i c u l a r l y  p e r i p h e r a l  punctua-te d e n s i t i e s  i.n t h e  l e n s  c h i e f l y  i.n t h e  
p o s t e r i o r  subcapsular and c o r t i c u l  regions.  The Yugoslav v i c t ims ,  i n  
the  range froin 420 t o  600 rad:; a t  17 weeks, showed very s l i g h t  subcapsu- 
lar cloudiness at, t he  back of t he  l e n s ,  spreading i n  s t a r  formation t o  
t h e  periphery ( r e f .  5 ) .  

A moderately t h i c k  v i s o r  

It i s  t o  be 

The 

The c l i n i c a l  p i c t u r e  of t h e  Oak Ridge 

This cond i t ion  had c l e a r e d  i n  all b u t  one 

" 
L 
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p a t i e n t  by 7 rnonths, and a t  18 months a l l  had norpal  f i nd ings .  
probl-em i n  t h i s  delayed e f f e c t  could conceivably be from e i t h e r  vascu la r  
d i s tu rbances  or change i n  components o f  t h e  p e r i p h e r a l  blood which r e q u i r e s  
f v.r t h  e r inve s t i g a  t i on. 

The 

The l i m i t e d  d a t a  on chronic e f f e c t s  of r a d i a t i o n  of t h e  eye ( ref .  10) 
would i n d i c a t e  t h a t  a 50-percent p robab i l i t y  po in t  f o r  developing c a t a r a c t s  
i s  200 rads  i n  a s i n g l e  s h o r t  treaiment.  For t r ea tmen t s  w i th  gamma r a d i a -  
t i o n  extending from 3 weeks t o  3 m n t h s ,  t h e  dose must b e  inc reased  t o  
400 r a d s  t? produce a similar e f f e c t .  Thus, exceeding t h e  l i m i t  f o r  emer- 
gency exposure shown i n  t a b l e  I ,  could conceivably ground an a s t r o n a u t  be- 
cause of l o s s  of  v i s u a l  a c u i t y .  This problem, however, can be avoided by 
conservat ive eyeshield des ign ,  which would not  involve a major weight 
pena l ty .  

- Skin . -  A d e t a i l e d  d i scuss ion  of t h e  e f f e c t s  of  r a d i a t i o n  on t h e  
s k i n  may be  found i n  r e fe rences  8 and 11. The lowest l e v e l  for an e f f e c t  
of r a d i a t i o n  i s  probably c h a r a c t e r i s t i c  t o  1,200 rads .  A t  t h i s  l e v e l  of 
i r r a d i a t i o n  an immediate redness  of  t h e  skin w i l l  be produced. This r ed -  
ness  w i l l  be followed by pigmentation, which r?,ay remain, and dryness i n  
t h e  f i r s t  10 days.  There may be  seve ra l  waves of redness .  
10 days a f t e r  exposure e p i l a t i o n  w i l l  occur,  which w i l l  r e q u i r e  up t o  
2 months t o  r e p a i r .  

About 8 t o  

I f  t h e  dose adminis tered t o  the sk in  i s  somewhere between 1,200 
t o  1,500 r ads ,  t h e  waves of  erythema may occur more o f t e n  and t h e r e  may 
be s l i g h t  edema. The r e s t o r a t i o n  of  ha-ir i s  slower and may r e q u i r e  
s e v e r a l  months. 

A t  2,500 r a d s ,  t o t a l  necrosis  o f  t he  skin occurs i n  1 t o  8 hours. 

After about 12  clays, t h e  s k i n  b l i s t e r s  and 
The s k i n  appears inflamed and then apparent ly  r ecove r s ,  w i t h  a reappear- 
ance a t  from 8 to 12 dsys.  
commences t o  slough o f f .  The appearance i s  ulcerous and may have a 
gangrenous nppearance. The appearance of t hese  sytnptoms , o f  course,  
assumes t h a t  t h e  r a d i a t i o n  i s  not pene t r a t ing ,  -,ince a t  t h i s  level  dea th  
would probably occur be fo re  a l l  the symptoms p rev ious ly  descr ibed develop. 
It i s  poss ib l e  t h a t  muscle or other deeper l a y e r s  of t h e  t i s s u e  below t h e  
dermal l a y e r  may be involved. Healing may be slow and take many months. 

The problem i n  space t r a v e l  should then be obvious. The immeciiate 
reddening of t h e  s k i n  of t h e  occupants of smaller space v e h i c l e s  can be 
es t ima ted  a s  s e r i o u s ,  s i n c e  the re  w i l l  be l i t t l e  opportuni ty  for personal 
c l e a n l i n e s s .  The pmblem of  secondary i n f e c t i o n  from s k i n  b a c t e r i a  may 
be s e r i o u s  if missions a r e  extended beyond a week a f t e r  i r r a d i a t i o n .  The 
con t inua t ion  o f  a mission i n  which a space s u i t  must be worn does n o t  
appear  poss ib l e  i f  t h e  dose exceeds 1,000 rads .  However, t h i s  cond i t i cn  
should never a r i s e  i f  s h i e l d i n g  has been properly designed. The 



appearance of petechiae a t  20 t o  30 days should seldom be noted un le s s  
there has been extensive damage t o  t h e  hematopoietic system. 

Rcspiratory system.- The deposi ted dose t o  t h e  lungs t h a t  w i l l  
produce damage i s  est imated t o  be  800 t o  1,000 r a d s .  
t h e r e  ir l i t t l e  o r  no evidence of damage i i n t i l  between t h e  7 t h  to 1 5 t h  
clay. 
200 rads i n  rree space,  which a t  normal p re s su res ,  temperatures,  and a i r  
composiLion should produce no c l i n i c a l  e f f e c t s .  Thc e b i l i t y  of  oxygen 
t o  in tpns i fy  r a d i a t i o n  damage a t  c e l l u l a r  l e v e l  has been documented. I n  
the  treatment of p a t i e n t s  i n  t h e  t h i r d  and fou r th  weeks, t h e  damage of 
t h e  upper mucosa and t h e  r e f l c x - a t e l e c t a t i c  pneummias have been ex- 
tremely well  documentcd. Some s y n e r g i s t i c  e f f e c t s  whicli may r e q u i r e  
f u r t h e r  i nves t iga t ion  might possibly e x i s t  i n  t h i s  organ system be- 
cause o f  the physiological  s twsses  such a:: a pure oxygen atmosphere, 
redurcd pressure,  and r e e n t r y  g r a v i t a t i o n a l  f o r c e s .  Overa l l ,  however, 
this organ system does n o t  appear t o  p re sen t  a serioiis  hazard. 

Even a t  t h i s  level  

The average s h i e l d i n g  t o  t h e  lungs should reduce t h e  dose t o  around 

- Bone. - To d a t e ,  a l l  t h e  emphasis on bone has centcred around t h e  
hematopoietic system. Since bone containing t h i s  t issue i s  r e l a t i v e l y  
deep i n  l.he body, any s i n g l e  exposure on a 2-week mission w i l l  produce 
1itt.l.. ef‘fect t o  t h e  hermtopoietic system con ta in ing  bone i t,self. O f  
much more i n t e r e s t  from a space medicine standpoint; may be t h e  exposure 
of  bone which i s  n o t  p ro tec t ed  by a f e w  em of t i s s u e ,  part,iciil.arly i f  
f r a c t u r e s  occur. There a r e  a few re fe rences  i n  t h e  1 i t . e r a t u r e  t o  t h i s  
phenomenon ( refs .  7,  1 2 ,  and 13). 
hea l ing  of f r a c t u r e s ,  and cumulative damage may be pronounced i n  t h i s  
a r ea  because of vascu la r  changes. A s i n g l e  a c u t e  dose i n  excess  of  
400 rads  i s  est,imated a s  a t h re sho ld  f o r  t h i s  e f f e c t .  
i s  one which r e q u i r e s  f u r t h e r  s tudy,  p a r t i c u l a r l y  t h e  chronic  e f f e c t s  
of f r a c t i o n a t e d  doses .  

Some problem may e x i s t  with -the 

This  a r e a ,  t o o ,  

Heariny;. - The hearing system has been almost completely neglected 
i n  t h e  l i t e r a t u r e .  Since p a r a l y s i s  of t h e  v i l l i  <ud c i l i a  have been 
noted i n  other organs bectiltse of r a d i s t i o n  damage, i t  would appear con- 
ceivable  t h a t  r a d i a t i o n  damage t o  t h e  e a r  may produce p a r t i a l  p a r a l y s i s  
o f  p a r t s  of the vcs t ib i i l a r  kpparatiis and may bc  t h e  source of  nausea 
and vomiting i n  t h e  acu te  r a d i a t i o n  syndrome. 
l i t e r a t u r e  has produced no information on t h i s  su’o,ject. Since t h e r e  
has been considerable concerti on t h e  effect . ,  of weight lessness  on vest i -  
b u l a r  funct ion,  t h e r e  wod-d appear t o  be a need for f u r t h e r  i n v e e t i g a -  
t iori  i n  t h i s  a rpa .  There shoiild no t  be a high dose t o  t h e  s e m i c i r c u l a r  
cana l s ,  s ince they a r e  loca t cd  about 3 t o  4 em from t h e  su r face  of t h e  
body. The dose should be below 100 rads .  

A p a r t i a l  check of t h e  



.' 

>. 

Oral  and n a s a l  region.-  "he general  p i c t u r e  which has been drawn 
The 

I n  about 4 t o  6 days n e c r o t i c  plaques on gums 

for t h e  s k i n  would also appear appl icable  t o  the mouth and nose.  
t h re sho ld  f o r  damage i s  probably i n  t h e  500-rad range which i s  p o s s i b l e  
with space r a d i a t i o n s .  
and s t o m a t i t i s  might be expected a s  t h e  worst  case and some g i n g i v i t i s  
i n  t h e  less  severe cases .  
g i t i s  between t h e  1 3 t h  t o  30 days, which i s  a s soc ia t ed  with doses 
around 500 r a d s ,  might be q u i t e  s e r ious  because of  secondary i n f e c t i o n  
on a long  mission, bu t  should have l i t t l e  bea r ing  on missions of 2 weeks' 
du ra t ion .  Recurrence may be expected between 25 and 37 days i f  t h e  hema- 
t o p o i e t i c  system has been i r r a d i a t e d  i n  excess of 200 rads.  

The appearance 3f t o n s i l l i t i s  and pharyn- 

Digestive t r a c t . -  The abdominal a r ea  i s  p ro tec t ed  by a minimum of  
1 t o  2 cm of  s o f t  t i s s u e .  It has been ca l cu la t ed  t h a t  a r e a s  of t h e  
d i g e s t i v e  t r a c t  1 cn deep should r ece ive  a dose of  500 rads  while t h e  
a r e a s  2 cm deep should r ece ive  200 r a d s  i f  an a s t r o n a u t  i s  i n  free 
space du r ing  a solar f l a r e .  If the e n t i r e  i n t e s t i n a l  a r ea  i s  i r r a d i -  
a t e d  t o  t h e  400-rad l e v e l ,  p e r s i s t e n t  and d i f f u s e  pains  i n  t h e  abdomen 
a r e  noted; t h e  e n t i r e  colon becomes s e n s i t i v e ,  and some d i s tu rbance  of  
p e r i s t a l s i s  may be expected. A t  200 rads  l i t t l e  or no symptoms should 
be noted. Therefore ,  it i s  concluded t h a t  t he  g a s t r o i n t e s t i n a l  t r a c t  
might no t  appear t o  be s e r i o u s l y  a f f e c t e d  by a major s o l a r  event  even 
when t h e  a s t r o n a u t  i s  i n  f r e e  space. 

Testes.- The gonads a r e  p a r t i a l l y  p ro tec t ed  from the  i s o t r o p i c  
protons of a s o l a r  f l a r e  by the  lower abdomen and the  th ighs .  The 
abdomen and th ighs  have been estimated t o  be equ iva len t  i n  s h i e l d i n g  

from 3 t o  6 grams pe r  cm . A dose from a f l a r e  of 500 r ads  t o  t h e  s k i n  
could very e a s i l y  r e s u l t  i n  a dose less  than 100 rads  t o  a p o i n t  i n  t h e  
c e n t e r  of t h e  testes. Doses of  100 rads  can induce some t r a n s i t o r y  de-  
c r e a s e  i n  sperm count and a diminuation i n  f e r t i l i t y .  Although t h e  
tes tes  a r e  r e l a t i v e l y  r a d i o  s e n s i t i v e ,  t h e i r  recovery has been shown 
t o  be  almost complete with t i m e .  Permanent s t e r i l i t y  r e q u i r e s  doses 
as  l a r g e  a s  t h e  LDso l e v e l  of 500 r ads .  

2 

No hormonal changes have been seen i n  man wi th  doses of 100 rads  
t o  the  tes tes .  The gene t i c  changes a r e  poss ib l e  with low levels of  
r a d i a t i o n .  

capsu le  th ighs  and abdomen, t h e  genet ic  r i s k  f o r  a s h o r t  mission 
i s  no t  of  major s ign i f i cance .  

With a p r o b a b i l i t y  of exposure t o  a s o l a r  f l a r e  of 0.01, 
3 l s y  2robGbil:ty =f s:r:r,g 3 chi ld ,  2nd thF szlf-sh$eldir,g cf the 
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CONCLUDING RENARKS 

&om the d e s c r i p t i o n  of t h e  r a d i a t i o n  e f f e c t s  of a major So la r  
f l a r e ,  a s  described f o r  va r ious  organs and organ systems, it i s  obvious 
t h a t  t h e r e  i s  no immediate e f f e c t  which i s  completely i n c a p a c i t a t i n g .  
A t o t a l  i ncapac i t a t ion  which occurs immediately i s  usua l ly  a s s o c i a t e d  
with doses t o  t h e  c e n t r a l  nervous system of 5,000 t o  10,000 r ads .  
dose received i n  f r e e  space might produce an e a r l y  nausea and anorexia 
and a severe skin inflammation and i n f e c t i o n  about a week a f t e r  ex- 
posure. It does not appear t h a t  an ind iv idua l  w i l l  eve r  r ece ive  a 
dose producing these  e f f e c t s  and t h e  t o t a l  e f f e c t  may be considerably 
less  f o r  the following reasons:  

A 

1. Dose r a t e s  t o  t h e  s k i n  i n  free space a r e  moderate even a t  
t h e  maximum o f  t h e  event  (approximately 20 rad /h r ) .  

2.  Duration of t h e  event  i s  long  (more than 50 h o u r s ) ,  and it 
appears unl ikely t h a t  a space s u i t  w i l l  be designed t o  s u s t a i n  l i f e  
f o r  t h i s  long per iod.  

3.  Considerable reduct ion i n  t h e  dose i s  achieved with even 
modest shielding.  

The space vehicle  i s  probably adequate t o  reduce a l l  dose l e v e l s  t o  
t o l e r a n c e .  

The delayed e f f e c t s  from r a d i a t i o n  from a s o l a r  proton event appear 
t o  need f u r t h e r  study; b u t  i n  gene ra l  t h e  t o t a l  dose received by any 
s i n g l e  organ does not  appear l i k e l y  t o  produce severe symptoms, and 
with t h e  i n t r i n s i c  s h i e l d i n g  of t h e  v e h i c l e ,  t h e  phys io log ica l  e f f e c t s  
should be minimal or absent .  

The chronic e f f e c t s  which a r e  c o n t r o l l e d  by t h e  s e t t i n g  of y e a r l y  
l i m i t s ,  may, i n  t h e  long run,  be t h e  l i m i t i n g  f a c t o r  f o r  t h e  a s t r o n a u t s  
exposed t o  space r a d i a t i o n .  
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